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ABSTRACT: Surface-imprinted polymers allow for specific cell detection based
on simultaneous recognition of the cell shape, cell size, and cell membrane
functionalities by macromolecular cell imprints. In this study, the specificity of
detection and the detection sensitivity for target cells within a pool of non-target
cells were analyzed for a cell-specific surface-imprinted polymer combined with a
heat-transfer-based read-out technique (HTM). A modified Chinese hamster
ovarian cell line (CHO-ldlD) was used as a model system on which the
transmembrane protein mucin-1 (MUC1) could be excessively expressed and for
which the occurrence of MUC1 glycosylation could be controlled. In specific
cancer cells, the overexpressed MUC1 protein typically shows an aberrant apical
distribution and glycosylation. We show that surface-imprinted polymers
discriminate between cell types that (1) only differ in the expression of a
specific membrane protein (MUC1) or (2) only differ in the membrane protein
being glycosylated or not. Moreover, surface-imprinted polymers of cells carrying
different glycoforms of the same membrane protein do target both types of cells. These findings illustrate the high specificity of
cell detection that can be reached by the structural imprinting of cells in polymer layers. Competitiveness between target and
non-target cells was proven to negatively affect the detection sensitivity of target cells. Furthermore, we show that the detection
sensitivity can be increased significantly by repetitively exposing the surface to the sample and eliminating non-specifically bound
cells by flushing between consecutive cell exposures.
1. INTRODUCTION
Several diseases and physiological conditions are characterized
by the occurrence of cells with a defined cell shape and/or
specific cell membrane features. The main blood type
characteristics, such as blood group and Rhesus factor, for
example, are determined by small variations in the density of
carbohydrate antigens of the ABO blood group system on the
glycocalyx of erythrocytes.1,2 Moreover, the shape of the
erythrocytes is characteristic for certain diseases, such as sickle
cell anemia.3 With respect to cancer, the overexpression of
certain antigens on the surface of cells is indicative of tumor
formation. An example is the glycoprotein Mucin-1 cell surface
associated protein (MUC1) that displays extensive O-linked
glycosylation on its extracellular domain. Overexpression of
MUC1 on the cell surface and/or aberrant glycosylation of
MUC1 have been associated with colon, lung, pancreatic,
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ovarian, and breast cancers, as well as blood cell lymphomas.4−9
Furthermore, some disorders are not (only) indicated by the
occurrence of abnormal cells but (also) by a dramatic increase
of one specific cell type. For example, it has been shown that
atherosclerotic plaque formation is associated with both a
change in the phenotype of blood monocytes and an elevation
of their concentration.10
Numerical, phenotypical, and morphological alterations in
cells are often apparent at an early stage of disease
development, prior to clinical manifestations and subjective
complaints by patients. Therefore, a fast, sensitive, and specific
detection of disorder-specific cell types is crucial to set an early
diagnosis and improve the prognosis for patients. To date, the
identification and quantification of abnormal cells is based on
microscopic analysis, possibly combined with a specific
fluorescent (antibody) labeling (circulating tumor cells)11 or
gel electrophoresis screening and chromatography (sickle cell
anemia).12 However, these diagnostic procedures are often
time-consuming, expensive, and require advanced equipment
and highly specialized and skilled staff. Recently, a new
technique combining surface-imprinted polymers (SIPs) with
a detection platform based on heat-transport measurements has
been described. The use of SIPs allows for specific cell
detection based on simultaneous recognition of the cell shape,
cell size, and cell membrane functionalities. This platform was
positively evaluated for the specific detection of mouse
leukemic monocyte macrophage RAW 264.7 cells, rat alveolar
macrophage NR8383 cells, human leukemic Jurkat cells, and
human breast cancer cell line MCF-7.13 SIP specificity was also
previously reported for biomimetic ABO blood group typing,14
to discriminate between different macrophages and to
distinguish between different cancer cells and healthy blood
cells.13 Until now, cell detection by SIPs was primarily
combined with read-out techniques, such as quartz crystal
microbalances14−17 and electronic read-out strategies.18,19
Other cell detection platforms are based on techniques such
as fluorescence-activated cell sorting (FACS),20 centrifugal size
separation,21 or dielectrophoresis.22 All of these techniques
either require expensive equipment and fluorescent labeling or
display a lack of specific detection of different cell types. The
heat-transfer resistance measurement method (HTM) offers a
simple, label-free, and cheap read-out method.23 The detection
limit achieved with the combination of SIP and HTM lies
below 3 × 104 cells mL−1.13 Although optimization is required
to reach sufficiently low detection limits for medical relevant
analysis, this technique shows high potential for future use in
medical diagnostics. Therefore, we address the limitations
concerning the specificity of detection and the detection
sensitivity for target cells within a pool of non-target cells in the
study presented in this paper. The possibility to differentiate
between cells that only differ in the presence or absence of a
particular membrane protein or in the degree of glycosylation
of a specific surface protein were examined. To this end, a
modified Chinese hamster ovary cell line (CHO-ldlD)24 was
used. These cells do not possess a human MUC1 (hMUC1)
protein coding DNA sequence and are deficient in the UDP-
galactose/UDP-N-acetylgalactosamine 4-epimerase enzyme.24
The latter prohibits N- and O-linked glycosylation because it
blocks the conversion of both glucose into galactose and N-
acetylglucosamine into N-acetylgalactosamine. After trans-
fection of hMUC1 into CHO-ldlD (CHO-ldlD-MUC1 cells),
O-linked glycosylation can be restored by providing the CHO-
ldlD-MUC1 cells with exogenous sources of galactose (Gal)
and N-acetylgalactosamine (GalNAc).24,25 The possibility of
the SIP setup to differentiate between cell lines CHO-ldlD and
CHO-ldlD-MUC1 was analyzed. Moreover, we determined the
discriminating power for different glycoforms of the MUC1
protein with SIPs prepared with CHO-ldlD-MUC1 cell lines
cultivated without exogenous sugar sources, with an exogenous
source of GalNAc (CHO-ldlD-MUC1-Tn) or with exogenous
sources of both Gal and GalNAc (CHO-ldlD-MUC1-T). A
schematic overview of the differences between cell lines CHO-
ldlD, CHO-ldlD-MUC1, and the two glycoforms of CHO-ldlD-
MUC1, CHO-ldlD-MUC1-Tn (glycosylation of MUC1 with
GalNAc) and CHO-ldlD-MUC1-T (glycosylation of MUC1
with GalNAc and Gal), is presented in Figure 1. Furthermore, a
“repeated exposure” strategy to increase the detection
sensitivity of small fractions of target cells in a pool of non-
target cells was evaluated.
2. EXPERIMENTAL SECTION
2.1. Culturing of Cells. CHO-ldlD cells (will be further referred to
as cell line C) and CHO-ldlD-MUC1 cells (will be further referred to
as cell line C-M) (kindly provided by H. Clausen, Copenhagen
University, Denmark) were cultured in Dulbecco’s modified Eagle’s
medium/Nutrient F-12 Ham medium (DMEM/F12) supplemented
with 3% fetal calf serum (FCS) and 1% penicilline/streptomycine.
MUC1-transfected cell cultures were selected by the addition of 600
μg mL−1 G418 disulfate salt antibiotic. To cultivate different
glycoforms of cell line C-M, the cells were incubated with either 1
mM GalNAc (CHO-ldlD-MUC1-Tn, will be further referred to as cell
Figure 1. Schematic overview of the differences between cell lines CHO-ldlD (C), CHO-ldlD-MUC1 (C-M), and the two glycoforms of CHO-ldlD-
MUC1, CHO-ldlD-MUC1-Tn (C-MTn) (glycosylation of MUC1 with GalNAc) and CHO-ldlD-MUC1-T (C-MT) (glycosylation of MUC1 with
GalNAc and Gal).
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line C-MTn) or 1 mM GalNAc and 0.1 mM Gal (CHO-ldlD-MUC1-
T, will be further referred to as cell line C-MT).22 All chemicals were
obtained from Sigma N.V. (Diegem, Belgium). Cells were passaged at
a confluence of about 80%. Prior to imprinting and HTM, cells were
washed 6 times in 1× phosphate-buffered saline (PBS) solution. The
cell counting to determine the cell concentration in buffer medium was
performed using a hemocytometer (VWR International, Leuven,
Belgium).
2.2. Preparation of Cell-Imprinted Polyurethane (PU) Layers.
PU layers were formed by dissolving 122 mg of 4,4′-diisocyanatodi-
phenylmethane, 22 mg of bisphenol A, and 25 mg of phloroglucinol in
500 μL of anhydrous tetrahydrofuran (THF). All reagents were used
as received from Sigma-Aldrich N.V. and had a purity of minimally
99.9%. This mixture was stirred at 65 °C for 200 min under an inert
nitrogen atmosphere until the polymer solution reached its gelling
point. Then, the solution was diluted in a 1:5 ratio in THF and spin-
coated for 60 s at 2000 rpm onto 1 cm2 aluminum substrates. This
resulted in PU layers with an average thickness of 1.2 ± 0.1 μm, as
measured with a profilometer (Dektak3ST, Sloan Instruments
Corporation, Santa Barbara, CA). In parallel, homemade polydime-
thylsiloxane (PDMS) stamps were covered with cells to stamp the cells
into the spin-coated PU layer. PDMS stamps were made using the
Sylgard 184 silicone elastomer kit (Malvom N.V., Schelle, Belgium).
Cell suspension in PBS (400 μL) was applied to the PDMS stamp.
After 50 s of sedimentation time, the excess fluid was removed by
spinning at 3000 rpm for 60 s to create a dense monolayer of cells on
the stamp surface. The cell-covered stamp was gently pressed
(pressure of 70 Pa) onto the PU layer and cured for 18 h at 65 °C
under a nitrogen atmosphere. After curing, the stamp was removed
from the surface. When the surface was rinsed with 0.1% sodium
dodecyl sulfate (SDS) and PBS, the template cells were washed off
from the polymer layer, leaving behind selective binding cavities on the
PU surface. Non-imprinted polymer layers, used for assessing
specificity, were made exactly the same way as their imprinted
counterparts, however, without covering the PDMS stamp with
template cells. In this study, SIPs were created of cell lines C, C-M, C-
MTn, and C-MT.
2.3. Sensor Setup. The sensor setup and performance of HTM
with the setup have been described earlier on the use of surface heat
transfer as a read-out technique to detect cell binding on SIPs.13 In the
present study, however, liquids were exchanged automatically and
optimized PID settings (P = 1, I = 8, and D = 0)26 were used. A cell
exposure event in the sensor setup consists of a consecutive flushing of
cell solution (to let the cells come into contact with the SIP) and PBS
(to remove the cells that are not bound to the SIP) through the
system. In the initial state, the liquid compartment is filled with PBS
and the thermal resistance is left to stabilize for 45 min. Next, cells are
introduced in the system (3 mL cells in PBS, ±106 cells mL−1) with a
flow rate of 2.5 mL min−1, after which the thermal resistance is left to
stabilize again for 30 min. Subsequently, the system is flushed 2 times
with 3 mL of PBS, and the thermal resistance is left to stabilize for 30
min after each flushing step. The first PBS flushing step takes place
with a flow rate of 0.25 mL min−1, and the second PBS flushing step
takes place at a flow rate of 2.5 mL min−1. Heat-transfer resistance
(Rth) is monitored at a rate of one measurement per second. Selected
experiments were performed in which the heat-transfer resistance was
measured during consecutive cell exposure events. In those cases, the
following cell exposure event started with the introduction of the cell
solution in the system 30 min after the last PBS flushing step.
Figure 2. Time-dependent Rth response of a C-imprinted SIP to the consecutive exposure to a C-M cell solution (black) and a C cell solution (gray)
is presented in panel a. The response in Rth of a C-M-imprinted SIP to the consecutive exposure to a C cell solution (gray) and a C-M cell solution
(black) is presented in panel c. The corresponding resulting changes in Rth (ΔRth) upon cell bindin after the first washing step with PBS and after the
second washing step with PBS are presented in panels b and d, respectively. Error bars indicate standard deviation of the noise on the signal.
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2.4. Microscopic Imaging and Cell Labeling. Microscopic
imaging of the cell-imprinted PU surfaces was performed with an
inverted optical microscope Axiovert 10 (Carl Zeiss, Jena, Germany).
All SIPs were imaged at magnifications of 5× and 50×. ImageJ 1.44P
(National Institute of Health, Bethesda, MA) was used to determine
the number of cell imprints per area unit on microscopic images of the
SIPs. The average surface coverage of cell imprints on the PU layer
was calculated on the basis of cell imprint counts of three different
samples for each type of SIP and five locations on each sample. Cells
were fluorescently labeled with either DiI (red, excitation/emission,
549/565) (Sigma Aldrich N.V.) or calcein (green, excitation/emission,
495/515) (Life Technologies Europe B.V., Ghent, Belgium). DiI
labeling was performed by incubating a 106 cells mL−1 cell suspension
in PBS with 5 μM DiI for 30 min at 37 °C. Calcein labeling was
performed by incubating the cells with 25 μM calcein for 30 min at
room temperature. Labeled cells were washed twice in PBS to remove
non-bound DiI and calcein. Next, the labeled cells were exposed to a
SIP in the Rth sensor setup as either target or non-target cells. Samples
were microscopically visualized using a Nikon Eclipse 80i fluorescence
microscope and NIS-Elements BR software (Nikon Instruments
Europe B.V., Amsterdam, Netherlands) to visualize which cell type was
retained in the imprints (exposure time, 250 ms; gain, 1; and
magnification, 10×).
3. RESULTS
3.1. Characterization of Cell-Imprinted PU Layers. PU-
coated aluminum substrates imprinted for cell line C, C-M, C-
MTn, or C-MT were analyzed microscopically. Images are
provided in Figure S1 of the Supporting Information.
Microscopic images (50×) show that all CHO-ldlD cell types
form very similar spherical imprints with diameters of ±20 μm.
The imprint surface coverages for SIPs made with all four cell
lines did not show significant differences (23 000 ± 800, 24 000
± 1500, 23 000 ± 1200, and 23 000 ± 1500 imprints cm−2,
respectively), and an overall average imprint surface coverage of
23 000 ± 1300 imprints cm−2 was achieved with the cell-
imprinting procedure (±10% cell surface coverage).
3.2. Selectivity. In this experiment, we evaluated whether
C-imprinted SIPs and C-M-imprinted SIPs can specifically
distinguish between the type of cells with which they were
imprinted and their analogues, only differing in the presence or
absence of only one cell membrane protein, with MUC1 as an
example. This was performed by exposing either the C-
imprinted SIP or the C-M-imprinted SIP in the sensor setup
consecutively to a cell suspension of analogue cells (cell line C-
M or C, respectively) and a target cell suspension (cell line C or
C-M, respectively). Each “cell exposure” consisted of three
cycles (filling the setup with cells, a first flushing cycle with
PBS, and a second flushing cycle with PBS), as described above
in section 2.4. Rth measurements for both imprints are
presented in Figure 2. The changes in Rth during consecutive
exposure of the C-imprinted SIP to C-M and C cells are
presented in Figure 2a, and the changes in Rth during
consecutive exposure of the C-M-imprinted SIP to C and C-
M cells are presented in Figure 2c, respectively. Panels b and d
of Figure 2 present the corresponding changes in Rth for all
steps in each cell exposure event, for the C- and C-M-imprinted
SIPs, respectively. For both the C- and C-M-imprinted SIP, the
initial increase of Rth upon addition of cells to the sensor setup
is comparable for target and analogue cells (panels a and c of
Figure 2): 1.0 ± 0.1 °C W−1 for the C-imprinted SIP (Figure
2b) and 0.8 ± 0.1 °C W−1 for the C-M-imprinted SIP (Figure
2d). However, upon rinsing with PBS, Rth returns back to
baseline for SIPs exposed to analogue cells but not for SIPs
exposed to target cells (panels a and b of Figure 2). These
findings are in line with previously demonstrated experiments,
which also demonstrate the possibility of surface regeneration
upon binding of target cells by flushing the flow cell with SDS
and PBS.13,27
To visually analyze the specificity of the SIPs, the experiment
was repeated with DiI-labeled C-M cells (red fluorescent) and
calcein-labeled C cells (green fluorescent) for both C- and C-
M-imprinted SIPs. DiI is a lipophilic fluorescent stain that
labels, among other hydrophobic structures, the cell membrane.
Because of its location in the membrane, it was analyzed
whether DiI labeling interferes with the binding of the cell to its
cell-specific imprints. For this, HTM was performed, in which a
consecutive cell exposure of a C-imprinted SIP to DiI-labeled C
cells in the first cell exposure and non-labeled C cells in the
second cell exposure was separated from each other with a SDS
flushing step (3 mL, 2.5 mL min−1) and a PBS rinsing step (3
mL, 2.5 mL min−1) to remove bound C cells from the SIP, as
described previously.13 A similar change in Rth upon exposure
to DiI-labeled or non-labeled C cells was observed (data not
shown). Therefore, we can safely conclude that DiI labeling did
not affect the binding of the cell with the cell imprints. Because
calcein is stored in the cytoplasma and is not retained in the cell
membrane, it is not expected to interfere with the cell surface
Figure 3. Fluorescence microscopy images of (a) C-imprinted SIP and (b) C-M-imprinted SIP after HTM (data are presented in Figure 2) of two
consecutive cell exposure cycles with (a) DiI-labeled C-M cells and calcein-labeled C cells or (b) calcein-labeled C cells and DiI-labeled C-M cells.
The scale bar marks 200 μm.
Langmuir Article
dx.doi.org/10.1021/la5001232 | Langmuir 2014, 30, 3631−36393634
chemistry or the cell binding to its cell-specific imprints. The C-
or C-M-imprinted SIP was removed from the sensor setup after
the measurement of the consecutive exposure of the
fluorescently labeled analogues and target cells. The fluo-
rescence of the surface was evaluated to verify that only target
cells were retained in the imprints. Only green fluorescent cells
(cell line C) could be detected on the C-imprinted SIP (Figure
3a), and only red fluorescent cells (cell line C-M) could be
detected on the C-M-imprinted SIP (Figure 3b).
To further assess the specificity of the SIPs, new SIPs were
created from cell lines carrying the different glycoforms of the
MUC1 protein [non-glycosylated (cell line C-M), partially
glycosylated (cell line C-MTn), or fully glycosylated (cell line
C-MT)] on their cell surface.
In the first experiment, a C-M-imprinted SIP was
consecutively exposed to C-MTn, C-MT, and C-M, with each
cell solution being washed out of the setup by two washing
steps with PBS, as described above.
Figure 4a shows the Rth of the SIP in response to the
different cell solutions and rinsing steps. The increase in Rth of
the C-M-imprinted SIP upon cell addition was similar for all
three cell types. Upon rinsing, the Rth dropped back to baseline
for the C-MTn cell solution and the C-MT cell solution. On
the other hand, PBS flushing did not affect Rth of the SIP after
exposure to the C-M target cells. This indicates that the target
cells are more strongly bound to the imprints than the C-MTn
and C-MT cells and, therefore, are not removed from the SIP
by the shear forces resulting from the PBS flushing.
In a second experiment, a C-MTn-imprinted SIP was
consecutively exposed to C-M, C-MT, and C-MTn cell
solutions, in the same way as described for the first experiment.
Finally, also a C-MT-imprinted SIP was consecutively exposed
to C-M, C-MTn, and C-MT cell solutions. In agreement to
what was observed in the first experiment, panels b and c of
Figure 4 show that C-M cells cause a change in Rth of both the
C-MT-imprinted and C-MTn-imprinted SIPs, when the SIPs
are initially exposed to the C-M cell solution.
Rinsing the SIPs with PBS restores the Rth baseline (panels b
and c of Figure 4). In contrast to the latter, exposing the C-
MTn-imprinted SIP to C-MT cells caused a change in Rth,
which was irreversible upon rinsing with PBS (Figure 4b). In
the same way, HTM showed that C-MTn cells could not be
rinsed of the C-MT-imprinted SIP (Figure 4c). In panels b and
c of Figure 4, no change in Rth of the C-MTn- and C-MT-
imprinted SIPs can be observed upon exposure to their target
cells. This is caused by the fact that the C-MT cells were still
bound on the C-MTn-imprinted SIP (Figure 4b) and the C-
MTn cells were still attached to the C-MT-imprinted SIP
(Figure 4c) as a result of the preceding cell exposure cycle.
Therefore, no imprints were left available to react with the
Figure 4. Time-dependent Rth measurements of SIPs imprinted for either cell line C-M, C-MTn, or C-MT during consecutive cell exposure events
to two different analogue non-target cells and finally target cells. The response in Rth of a C-M-imprinted SIP to the consecutive exposure to C-MTn,
C-MT, and C-M cell solutions is presented in panel a. The response in Rth of a C-MTn-imprinted SIP to the consecutive exposure to C-M, C-MT,
and C-MTn cell solutions is presented in panel b. The response in Rth of a C-MT-imprinted SIP to the consecutive exposure to C-M, C-MT, and C-
MTn cell solutions is presented in panel c. The results obtained during this experiment were summarized in panel d.
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target cells. This is illustrated by the high initial Rth before the
target cells are exposed to the C-MTn-imprinted SIP (Figure
4b) and the C-MT-imprinted SIP (Figure 4c). The resulting
cross-selectivity pattern is shown in Figure 4d.
3.3. Sensitivity. To assess the influence of the presence of
competitor cells on the detection of target cells, a competitive
assay was performed. In this assay, a C-M-imprinted SIP was
exposed to a cell solution (106 cells mL−1) containing a mixture
of C-M target cells and highly analogue C cells in a ratio of
50:50, 10:90, 5:95, or 1:99. For each cell mixture, the SIP was
subjected to four (50:50, 10:90, and 5:95) or five (1:99)
consecutive cell exposure cycles, with each cycle consisting of a
first step, in which 3 mL of the cell solution was flushed
through the system (2.5 mL min−1), followed by a PBS flushing
step (3 mL, 2.5 mL min−1) that started 30 min after the
complete cell solution was passed through the system. The
subsequent cell exposure cycle started 30 min after PBS
flushing. In this experiment, only one flushing step with PBS
was performed to wash out the cells that were not captured in
the imprints. This was performed because the previous
experiments illustrated that this would be sufficient to remove
the non-target C cells from the C-M-imprinted SIP, as
described in section 3.2. For each cell mixture, the maximum
possible change in heat-transfer resistance (ΔRthmax), which can
be expected when the SIP has reached its maximum cell
binding capacity, was calculated for each cell exposure cycle n as
the difference between the average maximum Rth reached after
each cell exposure and before PBS flushing (⟨Rth
n_max⟩) and the
average initial Rth before the first cell exposure cycle (⟨Rth
ini⟩):
ΔRthn_max = ⟨Rthn_max⟩ − ⟨Rthini⟩. The change in Rth obtained after
each cell exposure cycle n (ΔRthn ) was calculated as the
difference between the average Rth reached at the end of each
cell exposure cycle after flushing with PBS (⟨Rth
n ⟩) and ⟨Rth
ini⟩:
ΔRthn = ⟨Rthn ⟩ − ⟨Rthini⟩. All above-defined variables are visualized
in Figure 5. To normalize the change in Rth, the degree of
saturation after each cell exposure cycle was calculated. This
was defined as the size of the change in Rth after each cell
exposure cycle in comparison to the maximum possible change
in Rth in terms of percentage (%Rth
n ) and calculated as
= Δ
Δ
×_R
R
R
% 100n
n
nth
th
th
max
The results are presented in Figure 6 (time-dependent
change in Rth and %Rth
n ) and Table S1 of the Supporting
Information (ΔRthn ). The lower limit of detection of a
significant increase in Rth, expressed as the Rth saturation level
(%Rth
n ) of the SIP, was calculated as 3 times the standard
deviation on the %Rth
n of the SIP. For each SIP (imprinted for
cell line C-M, C-MTn, or C-MT), the overall detection limit for
all cell exposure cycles n (1 → 5) was defined as the maximum
value of the detection limits calculated for each cell exposure
cycle separately, calculated as 3 times the standard deviation on
the signal. After the first exposure cycle of the SIP to the 50:50
C-M/C cell solution, a significant increase in Rth of 0.93 ± 0.11
°C/W (ΔRth1 [50:50]) was measured (Figure 6a). The resulting
change in Rth of this single cell exposure cycle corresponds to
56.1 ± 10.7% of saturation (Figure 6a). For the 10:90, 5:95,
and 1:99 C-M/C mixed cell solutions, the changes in Rth
resulting from the first exposure cycle (%Rth
1 : 20.5 ± 10.6, 0.8 ±
11.5, and 5.8 ± 9.8%, respectively) did not rise above the
detection limit (38.4, 34.5, and 36.3%, respectively) (panels b,
c, and d of Figure 6).
To evaluate if the response in Rth would increase upon
repeated exposure to the mixed cell solutions, the SIP was
subjected to three (50:50, 10:90, and 5:95) or four (1:99) more
cell exposure cycles of an identical mixed cell solution as in the
first cell exposure cycle, immediately after the first cell exposure
event. For the 50:50 C-M/C cell solution, the SIP reached its
maximum Rth after the second cell exposure cycle (Figure 6a
and Table S1 of the Supporting Information). Three
consecutive cell exposure cycles were required to bring about
an unambiguous increase in Rth for the 10:90 C-M/C cell
solution (%Rth
3 = 64 ± 7.53%) (Figure 6b). The fourth cell
exposure cycle did not significantly increase Rth any more (%Rth
4
= 75.71 ± 12.82%) (Figure 6b). For the 5:95 C-M/C cell
solution, a significant increase in Rth was only reached after
three consecutive cell exposure cycles (%Rth
3 = 43.12 ± 8.00%)
(Figure 6c). A fourth cell exposure cycle resulted in a final %Rth
4
of 61.86 ± 8.89% for the 5:95 C-M/C cell solution (Figure 6c).
Three to four consecutive cell exposure cycles resulted in an
increase of Rth (%Rth = 35.08 ± 8.70%) until above the
detection limit for the 1:99 C-M/C cell solution (Figure 6d).
4. DISCUSSION
First, we point out that, between PU imprints of cell line C, C-
M, C-MTn, or C-MT, no differences could be detected through
visual inspection with an optical microscope. This could be
expected because the size and shape of the imprint are
predominantly determined by the general cell morphology,
which does not differ between the different cell types. However,
the selective differentiation between (1) cells expressing the
MUC1 protein and cells that do not carry the MUC1 protein
and (2) cells without glycosylation of the MUC1 protein and
cells with a glycosylated form of the MUC1 protein indicates
significant differences between the imprints originating from
these different cell lines. Therefore, the differences in cell
surface chemistry between these cell lines (i.e., the presence/
absence of the MUC1 protein or presence/absence of
glycosylation of the MUC1 protein) are suspected to create
chemically different imprints that do not differ in shape. This is
supported by the time-dependent Rth profiles of SIPs exposed
to cell lines different from but analogous to their target cells
Figure 5. Schematic presentation of the time-dependent Rth for one
complete cell exposure cycle “n”. The average maximum Rth reached
after each cell exposure and before PBS flushing ⟨Rth
n_max⟩, the average
initial Rth before the first cell exposure cycle ⟨Rth
ini⟩, the maximum
change in Rth obtained within each cell exposure cycle n (ΔRthn_max),
and the change in Rth obtained after each cell exposure cycle n (ΔRthn )
are indicated on the graph.
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(e.g., Figures 2 and 4a). These profiles show an identical
response in Rth upon initial cell exposure to target cells as to
highly analogous cells. However, upon rinsing, only target cells
are stably retained on the SIP and the analogous cells are easily
flushed out of the sensor setup under the influence of
mechanical shear forces, as indicated by the drop in Rth to
baseline values upon rinsing. This indeed indicates that the
imprints can make more stable chemical bounds with the target
cells than with the analogue cells. Therefore, differentiation
between similarly shaped cells appears to take place based on a
specific chemical functionalization (e.g., hydrogen bonds with
hydroxyl and amino groups) created on the SIP during
imprinting.
An overview of the specific cell detection obtained with the
SIPs evaluated in this study is presented in Figure 4d. The PU
SIPs can (1) selectively recognize their target cells and (2)
recognize highly analogous cells, which only differ from the
target cells in either the presence or absence of a specific
membrane protein on the cell surface or in the membrane
proteins on the cell surface that are being glycosylated or not as
non-target cells. On the other hand, the SIPs could not
differentiate between cell types only differing in the degree of
glycosylation of the MUC1 protein. Flushing with PBS
subsequent to initial cell exposure of the SIP to analogous
cells only differing in their degree of glycosylation did not result
in a significant decrease in Rth of the SIP. This indicates that the
SIP has a high chemical affinity for cells that only differ from
the SIP target cells in the degree of glycosylation of a
membrane protein. C-MTn cells only exhibit glycosylation with
GalNAc. C-MT cells on the other hand carry the fully
glycosylated form of MUC1, in which further linkage of Gal to
GalNAc compounds exists. Both types of epitopes can be sialyl-
terminated. The chemical structure of both sugar compounds
(GalNAc and Gal) is highly similar, only differing in the
presence of either a single −OH or −NHAc substituent. This
might be the reason why the SIPs cannot distinguish between
cells with glycosylation of MUC1 with either only GalNAc or
both GalNAc and Gal. These results correspond to previously
reported data concerning the potential of a similar type of
imprinted synthetic receptor for blood typing.14 In that study,
no complete differentiation between blood type A and blood
type B could be established on the basis of the difference
between the terminal carbohydrate unit (GalNAc or Gal) on
the ABO antigen of erythrocytes. We hypothesize that the
terminal sialyl groups of the glycosylation chains on the MUC1
protein largely determine the specific functionalization of the
imprints. Thus, sialylation of the epitopes on the MUC1
protein for both C-MT and C-MTn cells might be responsible
for the lack of discriminating power by the corresponding cell
imprints. However, the results indicate that, when the
difference between disease-related cells and healthy cells
Figure 6. Time-dependent Rth measurements to repeated exposures of a C-M-imprinted SIP to a mixture of target (C-M) and non-target but highly
analogue (C) cells. Graphs present time-dependent Rth values measured on a C-M-imprinted SIP for a 10
6 cells mL−1 cell suspension containing a C-
M/C ratio of (a) 50:50, (b) 10:90, (c) 5:95, and (d) 1:99 during a 4-fold repeated exposure of the cell solution to the SIP. Bars present the change in
Rth compared to the maximum possible change in Rth when the SIP is fully occupied with target cells, in terms of percentage (%Rth
n , saturation level).
Error bars indicate standard deviation of the noise on the signal. Horizontal dashed lines mark the overall detection limit.
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becomes too subtle, the device cannot yet be used for
diagnostic purposes.
The sensor response to specific numbers of target cells was
analyzed in the presence of non-target cells. The results were
compared to the sensor response to identical numbers of target
cells when no non-target cells were present.13 This analysis
shows a negative effect of the presence of non-target cells on
the sensitivity of the detection of target cells. A concentration
of 5 × 104 cells mL−1 could still be detected in the sensor setup,
when no cells other than the target cells were present.13
However, within a mixed cell solution with a total cell
concentration of 106 cells mL−1, at least 50% of the cells (5 ×
105 cells mL−1) should be target cells to be unambiguously
detected, causing 56.1 ± 10.7% saturation of the SIP. In the
absence of non-target cells, this concentration of target cells
would already cause a maximum response in Rth (100%
saturation). The lower sensitivity for target cell detection in the
presence of non-target cells can be explained by (1) the
blocking of the specific binding sites on the SIP for target cells
by non-target cells and (2) the steric hindrance of target cells
by non-target cells to reach the SIP surface. However, we
indicate that the mixed cell solution used in this experiment
simulates a worst case scenario because it consisted of highly
analogous target and non-target cells, causing a high blocking of
specific binding sites before PBS flushing. A lower non-specific
response before PBS flushing (less than 50% of saturation) was
reported for less resembling cell lines [the leukemic T-
lymphocyte Jurkat cell line, breast cancer cell line MCF-7,
and peripheral blood mononuclear cells (PBMCs)]13 than cell
lines C and C-M. Therefore, it can be expected that the
negative effect on sensitivity will be smaller for the detection of,
for example, specific cancer cells in a complex heterogeneous
mixture of cells, such as whole blood. The decreased sensitivity
for target cells because of the steric hindrance to reach the SIP
surface by non-target cells could be significantly minimized by
the repeated exposure approach.
The change in Rth increased significantly upon repeated
exposures of the SIP to the combined target and non-target cell
solutions, provided that non-target cells were removed by
flushing in between succeeding cell exposures. This indicates
that, in each exposure cycle, an extra number of specific binding
sites on the SIP, which was blocked by non-specifically bound
non-target cells in the preceding cell exposure cycle, can
interact with a target cell. This strategy of concentrating the
target cells on the SIP allows us to increase the sensitivity of the
sensor setup and to lower the detection limit significantly. In
the cell mixture used in this experimental setup, the target cells
needed to constitute between 1 and 5% of the cell solution to
be unambiguously detected after four exposure cycles. The cell
solutions containing 1% of target cells did reach the detection
limit after four cell exposure cycles. However, further
optimization of the sensor setup and a suitable pretreatment
of samples of interest to preconcentrate target cells, for
example, by negative enrichment,28 is required to increase the
cell detection limit. Enrichment is necessary to obtain the same
level of detection currently reached in commonly used medical
detection procedures, such as flow cytometric detection of
circulating tumor cells (CTCs). With those techniques, CTCs
making up only 0.001% of the total number of cells in a blood
sample can be detected (unpublished data, Bouwmans et al.).
5. CONCLUSION
The results of this study illustrate the high specificity of cell
detection that can be reached by the structural imprinting of
cells of interest in polymer layers. The sensitivity of the
detection of cells being captured on the specifically interacting
surface by changes in heat-transfer resistance can be increased,
by repetitively exposing the surface to the sample of interest
and eliminating non-specifically bound cells through flushing
between consecutive cell exposures. However, to reach
detection limits relevant for medical purposes, as required, for
example, for early CTC detection, this approach should be
combined with a preparatory treatment of samples of interest to
enrich target cells.
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